INTRODUCTION
Proposed V/STOL aircraft for both civilian and military applications require propulsion system inlets to operate efficiently over wide ranges of free-stream velocity, incidence angle and inlet throat Mach number (mass flow rate). For example, flight conditions during a vertical take off and landing may result in very large inlet incidence angles (up to 1200). A major concern for the designer in maintaining efficient operation at these severe conditions is possible inlet internal flow separation. Separation-free internal flow is desired to minimize fan blade stress and prevent the possibility of compressor stall. These flow requirements are quite severe for a fixed-geometry inlet; thus, considerable development work must be accomplished to provide separation-free operation.
The effects of geometry and flow conditions on V/STOL inlet performance have been reported in references 1 to 7. These studies include experimental performance results for short-haul aircraft engine inlets (refs. 1 to 4) and theoretical studies (refs. 3 to 7). This paper presents experimental data from several model STOL inlet tests for two parameters that may be expected to influence flow separation and thus inlet performance. One parameter called the diffusion ratio (ref. 8 ) is the ratio of the peak velocity on the inlet surface to the velocity at the diffuser exit and is related to the boundary layer separation at low throat Mach numbers. The other parameter, the peak Mach number on the inlet surface, is related to the separation at high throat Mach numbers. By identifying these parameters as measures of the likelihood of flow separation, an assessment can be made of inlet geometric design parameters for separation-free operation. 
SYMBOLS

SEPARATION LIMITS
Engine inlets required to operate under the flight conditions of VTOL aircraft experience increasing inlet surface velocities on the inlet internal lip for increasing incidence angle and throat Mach number. With these higher surface velocities, greater amounts of deceleration must occur on the inlet surface between the maximum velocity location aril the diffuser exit. If the amount of flow deceleration is too great, flow separation may develop (ref . 8) . This paper investigates the possibility of using two potential flow parameters, the peak Mach number (on the inlet surface) and the diffusion ratio (ratio of maximum surface velocity to diffuser exit surface velocity), to screen VTOL engine inlet geometries for possibility of flow separation at prescribed flow conditions.
To aid in the analysis of a given surface velocity distribution for the possibility of flow separation, reference 8 recommends nondimensionalizing the local surface velocity by the maximum velocity (local velocity ratio) . Flow conditions resulting in the same dimensionless local velocity ratio distribution over the flow surface have the same flow separation characteristics. When the local velocity ratio goes below a certain value (dependent upon conditions prior to dLusion) separation is indicated.
In the present paper the concept of reference 8 is applied in a slightly different manner. Maintaining attached flow throughout the inlet, i. e. to the diffuser exit, is considered to be the design requirement. Therefore the surface velocities are nondimensionalized by the diffuser exit surface velocity. Then, if the ratio of maximum velocity to diffuser exit velocity (i. e. the diffusion ratio) exceeds a certain value separation is indicated.
Even though engine inlets proposed for VTOL applications operate at subsonic throat Mach numbers, the Mach number on the inlet internal surface may become locally supersonic and reach Mach numbers as high as 2.0. Based on STOL experimental data, reference 1 suggests that these supersonic conditions strongly influence the boundary layer separation process through shock/boundary layer interaction. Thus another parameter, peak Mach number, should be useful for predicting boundary layer separation. The two parameters, diffusion ratio and peak Mach number, will be used throughout this paper as the separation parameters for inlet analysis.
Theoretical boundary layer calculations could be made to determine the values of diffusion ratio and peak Mach number at which the flow separates for various inlet geometries and flow conditions. However, experimental data from which the limiting values of the separation parameters could readily be determined were available for several STOL inlets (from the tests reported in ref. 2 ). Therefore to test the usefulness of the concept it was decided to use the available experimental data rather than perform the large number of boundary layer calculations required for a complete theoretical study.
The three experimental STOL inlet geometries (ref. Figure 2 (a) shows that as throat Mach number (consequently Mt/1410 for fixed MO) is decreased from its maximum value for each curve the diffusion ratio increases up to a point and then decreases slightly at the lower throat Mach numbers. Thus there appears to be an upper limit on diffusion ratio above which the flow separates at the lower throat Mach numbers. This limit is a weak function of throat Mach number and also a function of contraction ratio but generally lies in the range of 2.4 to 2.9 for these inlets. This range in diffusion raV.o limit is indicated as a band on figure 2 (a) • If the diffusion ratio limit for any inlet lies below the upper limit range at the high throat Mach numbers, these points :%, ,ill be shown to be peak Mach number limited.
Figure 2 (b) shows that as throat Mach number (consequently Mt/MO for fixed MO) is increased from its minimum value for each curve, the peak Mach number increases up to a point and remains relatively constant for the larger throat Mach numbers. Thus there appears to be an upper limit on the peak Mach number above which the flow separates at the higher throat Mach numbers. This limit appears to be a weak function of contraction ratio. for the low free stream Mach number but generally lies in the range of 1.4 to 1.6 for these inlets. The range in peak Mach number limit is indicated as a band on figure 2 (b) .
In summary, at lower throat Mach numbers the separation-free flow appears to be diffusion ratio limited and at higher throat Mach numbers the separation-free flow appears to be peak Mach number limited.
ANALYSIS
The experimental results of the previous section will be used to evaluate engine inlets designed for tilt-nacelle VTOL aircraft. Based on probable flight paths for a tilt-nacelle VTOL aircraft as shown in figure 3 the following limited number of flow conditions were selected for analysis: incidence angles up to 90 0 for a free stream Mach number of 0. 12 and throat Mach numbers ranging from 0.25 to 0. 70.
Geometry
The nomenclature used and the principal inlet geometric variables are illustrated in figure I. For the inlets investigated the internal lip geometry and external forebody geometry were varied; however, the diffuser geometry and the center body were fixed (Table I) 
Method of Solution
The theoretical potential flow at the various operating conditions for the inlets were obtained using the calculation procedures for engine inlets as presented in reference 9. Briefly, the basic elements of the potential flow computer program system are: (1) a program for geometry definition, (2) an incompressible potential flow calculation program and (3) a program to combine basic potential flow solutions into solutions of interest (having specified values of free-stream velocity, incidence angle and inlet mass flow) and also to correct the results for compressibility effects and local supersonic Mach number effects.
The potential flow calculations were used to obtain surface Aressure distributions, peak Mach numbers and diffusion ratios for the several inlet geometries and various flow conditions. All potential flow results shown are for the windward (see fig. 1 ) side of the inlet since the most severe flow conditions occur at this position.
RESULTS AND DISCUSSION
First will be presented a comparison of theoretical and experimental diffusion ratio and peak Mach numbers for the 1.46 contraction ratio STOL inlet of figure 1. Then theoretical pressure distributions for the VTOL tilt-nacelle inlets of figure 4 will be considered. Finally the theoretical diffusion -ratios and Mach numbers for the tilt-nacelle inlets will be presented and evaluated by the experirr ental separation bounds of the STOL test inlets. fig. 5(a) ). The falloff in the experimental diffusion ratio for M t > 0.75 is caused by a separation bubble on the inlet lip. As the throat Mach number is decreased, the diffusion ratio tends to increase until the separation limit is reached (Mt = 0.4). If the throat Mach number is further reduced say to 0.3 (the experimentally set value) the potential flow theory indicates that the diffusion ratio increases to a value which would lie in the separated flow region above the limit line (point A on fig. 5(a) ). However, since this point is above the limit, the flow separates and the weight flow drops causing both the throat Mach number and the diffusion ratio to drop as indicated by the experimental data point A' in figure 5(a) . This dropping of weight flow is observed experimentally at all separation conditions . Figure 6 shows the surface pressure ratio as a function of dimensionless distance from highlight for several contraction ratios ( fig. 4) , incidence angles of 30 0 and 900 , Mt of 0. Z, and MO of 0. 12. In &en-eral, the surface static pressure ratio increases with increasing contraction ratio and decreases with increasing incidence angle. For incidence angles less than 300 (the 300 curves are shown in figure 6(a) ) little o-no diffusion takes place on the inlet lip. At large incidence angles such as 900 ( fig. 6(b) ) the curves for contraction ratios of 2. Figure 7 also shows th -f decreasing the throat Mach number increases the initial diffusion rate (pressure gradient after minimum pressure point) and the diffusion ratio but lowers the peak Mach number for both contraction ratios. Similar pressure distributions were generated for other contraction ratios to obtain the diffusion ratio and peak Mach number to be presented in the next section.
Comparison of Theory and Experiment
Sample Theoretical Pressure Distributions
Application of Experimental Separation Bounds to Theoretical Diffusion Ratio and Peak Mach Number
The effects of varying throat Mach number on the parameters diffusion ratio, VmaxAFde, and peak Mach number, Mmax , are shown in figure 8 for a free-stream Mach number of 0. 12 and an incidence angle of 900 . Decreasing throat Mach number tends to increase Vmax/ Vde (fi g. 8(a)) for all contraction ratios; however, increasing throat Mach number tends to increase the peak Mach number ( fig. 8(b) ). The effect of increasing contraction ratio is to decrease both parameters Vmaxf Vde and Mmax at a given throat Mach number. In figure 8(a) , it can be seen that low-throat-Mach-number conditions are likely to lie in the diffusion-limiter separation region. This figure also shows that, at a given flow condition, increasing the con-traction ratio results in a reduced diffusion ratio. For sufficiently large contraction ratios the diffusion ratio will be in the attached flow region.
In figure 8(b) , it can be seen that increasing the throat Mach number may result in peak Mach numbers whici: lie in the Mach number-limited separated flow region. For given flow conditions increasing contraction ratio a sufficient amount moves the peak Mach number into the attached region. Figure 8 indicates whether the inlet will separate at M O = 0. 12 and a = 900 over the range of Mt indicated. If any other operating conditions ^f ig. 3) can produce significant separation, then they should be similarly investigated.
This procedure of applying experimental separation limits to theoretical separation parameters permits a coarse screening of inlet designs. To avoid an overly conservative inlet, the contraction ratio could be varied more finely near the separation limit and a more optimum inlet design could be determined by using boundary layer calculations.
SUMMAR 6' OF RESULTS
The effect of inlet lip contraction ratio on the aerodynamic performance was investigated for inlets of tilt nacelle VTOL aircraft. Some specific results of this study are as follows:
I. Review of experimental results indicates that two separation parameters are important. These are the diffusion ratio (ratio of maximum surface velocity to diffuser exit velocity) and the peak Mach .
number (maximum surface Mach number). 2. The diffusion ratio is the governing separation parameter at low throat Mach numbers 3. The peak Mach number is the governing separation parameter at high throat Mach numbers.
4. For given flow conditions, increasing contraction ratio a sufficient amount results in diffusion ratios and peak Mach; numbers which are less than the separation-limited values.
It should be noted that at larger contraction ratios the designer is faced with larger nacelle maximum diameters ( fig. 4 ) which result in larger nacelle drag and weight. The optimum design for the tilt nacelle may be an asymmetric inlet having a large contraction-ratio Up on the windward side where the most severe flow conditions exist and a smaller contraction-ratio lip on the leeward side where less severe flow condition exist. The ideal design .could be a distribution of contraction ratio around the inlet which results in improved low speed aerodynamic performance and minimum nacelle drag and weight. An example of this approach is shown in figure 9 . on VTOL tilt nacelle geometry. 
